Introduction: Sentinel lymph node biopsy (SLNB) is a standard surgical technique to identify sentinel lymph node (SLN) for the staging of early breast cancer. Nowadays, two methods are used for the identification of SLN: blue dye method aiding visually and radioactive dye using gamma detector. A wide range of gamma probe systems with different design and performance are used in intra-operative surgery. The performance of the probes is evaluated by some parameters such as sensitivity, spatial resolution, angular resolution, and shielding efficiency. Methods: In this study, we simulated a gamma probe system, SURGEOGUIDE II based on CsI(Tl) scintillator, a silicon photomultiplier (SiPM), and a tungsten collimator, using the MCNP4C Monte Carlo (MC) method and comparing with experimental measurement. Finally we modeled a series of probe with various crystal material, crystal length, and collimator hole length to evaluate the sensitivity and the spatial resolution in order to propose the optimal configuration. Results: The sensitivity of the system was measured as 2040 cps/MBq in 30 mm distance from the source. The spatial resolution and angular resolution were 43 mm and 70 at the same distance, respectively. Sensitivity at 30 mm distance from the probe head was the highest for BGO crystal and was the lowest for NaI crystals. The sensitivity and spatial resolution have also been changed by increasing the length of the crystal to a certain amount and then remained constant.
INTRODUCTION
Many types of cancers can spread through the lymphatic system, and the first place affected is the first lymph node receiving lymphatic drainage from the tumor called sentinel lymph node (SLN). After introducing the SLN in the early 1990s, identification and evaluation of it has been of great importance [1] . Sentinel lymph node biopsy (SLNB) is a standard surgical technique to identify the SLN in patients without clinical evidence of metastasis in early-stage cancers [2] . The SLNB is a minimally invasive technique that prevents unnecessary lymph node dissection in 50-75%of patients. Complete lymph node dissection is often associated with post-operative morbidities such as edema, numb and limitation in arm movement, and chronic pains [3, 4] . The most common approach of the SLNB involves the injection of a low dose of a radioactive material, mostly technetium-99m ( 99m Tc), and blue dye near the site of the tumor. The radioactive-labeled material is transported by the lymph vessels to the lymph nodes where it is trapped. After an appropriate delay for uptake, the surgeon uses a radioactive detector (gamma probe), or looks for the dye, to find the SLN. Then, the SLN is removed and sent to the laboratory to be examined under a microscope by a pathologist. Based on the pathology results, the surgeon decides to perform an Axillary lymph node dissection(ALND) or not [5, 6] . In 1950, the first "sentinel node" was sent to the pathologist and at the same time a gamma detector was used in surgery for localization of SLN. Since then, various types of gamma probes were released with differences in the appearance and performance [7] [8] [9] . Intra-operative gamma ray detector (gamma probe) is specifically designed to identify the location of SLN in the body. Often, the detector is connected to a console that displays the detection count rate together with an audible signal proportional to the count rate [10] . Most available gamma probes are different in terms of the size of the crystal and the collimator resulting in different basic performance parameters such as sensitivity, spatial resolution, angular resolution, and shielding effectiveness [11] . Monte Carlo (MC) is a computerized mathematical technique of simulation based on statistical methods employing random numbers. MC can be used for simulation of photons and charged particles transport in various materials. MC method has been well known in the field of medical physics over the last fifty years. Now, this method is the gold standard for modeling of many physical processes that are difficult or impossible to assess by experimental measurements or analytical approaches [12] . In medical physics, the MC method is one of the most usable tools for modeling any complex activity and attenuation distributions in the field of nuclear medicine, dose calculation in radiotherapy, diagnostic radiology, and radiation protection [13] . Growing number of scientific papers related to MC in medical physics studies [14] [15] [16] [17] indicates the increasing use of it in modeling of the systems. The purpose of the present study is the optimization of a gamma probe system. First, we used a MC code to model our system and then compared the MC results with the experimental ones. Next, we modeled various crystal lengths, collimator sizes, and different scintillator crystal materials to evaluate the gamma probe performance by measurement of some important parameters like sensitivity and spatial resolution aiming to find an optimal structure with high sensitivity with respect to spatial resolution and suitable shielding for SLN mapping [18] .
METHODS

Gamma probe system
SURGEOGUIDE II [19, 20] is a compact gamma detector used during cancer surgery providing an audio output signal proportional to the number of radiation detected in time. The detection rate is also displayed. The SURGEOGUIDE II is composed of two main parts: probe that is the gamma detector of the system and console including the control and display unit buttons. The probe head (tip) contains an internal collimator, crystal, and photodiode. The front-end electronic board is placed in the cylindrical hand-piece of the probe. The sensitive part of the probe is a cesium iodide thallium-activated [CsI(Tl)] scintillator crystal shaped as a cylinder with diameter of 7.2 mm and 10 mm in length in contact with a silicon photomultiplier (SiPM) having an active area of 6 × 6 mm 2 .The scintillator and the SiPM are enclosed in a tungsten collimator/shield. The probe is equipped with a single hole tungsten collimator with a 7.8 mm hole diameter and 2.5 mm length. A thin coating of stainless steel covers the outer surface of the probe. An overview of the appearance of the gamma probe is shown in Figure  1 . Monte Carlo simulation Modeling of the gamma probe system was performed using MCNP 4C code. MCNP4C is the first major release of MCNP since version 4B. It was released in 2000 providing unique features such as macrobodies, cumulative tallies, and superimposed importance mesh. MCNP 4C is easy-to-use, flexible, and scalable capable of converting a complex model to basic events and interactions [21] . The geometry specification of the gamma probe detection subsection was described accurately in the MC simulation file including tungsten collimator/shield, CsI(Tl) crystal, and SiPM and Co-57 source embedded in a phantom. In Figure 2 , a snapshot of the gamma probe geometry and a Co-57 source, simulated using the MCNP 4C code, is shown. To get the desired result from the simulation, in the data card, we used F8 tally with a number of histories equal 10 7 and cut off energy was set to 20 keV.
Fig 2.
A snapshot of the gamma probe geometry and a Co-57 source, simulated using the MCNP 4C code.
Validation of the MC model
In this work, performance evaluation of the gamma probe whether for measurement set-up or data processing methods was performed according to NEMANU3-2004 standards [18] . The radionuclide used for all tests was a 7 mm Co-57 source with an activity of 96 kBq. For validation of the MC model, two main parameters, sensitivity and spatial resolution, which have great influence on the gamma probe performance during surgery [22] were examined in both experimental and simulation measurements. The simulation results were then compared with the experimental tests.
Sensitivity in air:
Due to the small amount of the radiopharmaceutical injected to the patient and slight accumulation in the target organ, the sensitivity of a gamma probe system is evaluated. A point source of Co-57, with 96 kBq activity, was placed along the central axis of the probe at distance of 10mm, 30 mm, and 50mm from the probe tip. Because scatter from the surrounding material can change the recorded sensitivity, we must ensure that the probe to-source axis is at least 50 mm far from the surrounding material.
The sensitivity of the probe in the air is defined as the counts recorded per unit of radioactivity and is expressed in counts per second per MBq. Spatial and angular resolution: Better spatial resolution is favorable to accurate localization of the SLN from the other sources of activity close to it e.g. other hot nodes or the injection site. To measure the spatial resolution, the point source was positioned at 30mm distance from the detector and the sensitivity was measured at varying lateral distances from the source in the range of -50mm to +50 mm. To improve the accuracy, the measurements were performed using 2.5-mm steps in the range of ±15 mm and using 5-mm steps for other locations. The response function is expected to be a Gaussian distribution; the spatial resolution was hence reported as full-width at halfmaximum (FWHM) of the fitted Gaussian. Angular resolution was determined by measuring the sensitivity of the probe at 30 mm distance from the tip between the central axis of the probe and the hypothetical line connecting the source and the center of the probe tip ranged from -90° to +90°. Five-degree intervals were used for the angular range of ±25 degree while for larger angles, 10 degree intervals were applied. The FWHM of the fitted Gaussian was reported as the angular resolution. Shielding efficiency: Shielding of the head of the probe is important to prevent radiation from unintended locations such as injection site or tumor. But, it should be noted that a thicker shield increases the weight of the probe while surgeons tend to use thin and light-weight probes [23, 24] . For measurement of shielding, the Co-57 source was positioned in full contact with outer surface of the head of the probe being moved slowly around to reach the highest count rate. Percentage shielding effectiveness (SE%) was then calculated as:
where Sensitivity AXIS and Sensitivity LEAK are the highest count rate in line with the axis of the probe and the highest count in contact with the lateral surface of the probe, respectively. Same set-up was used for MC simulation for all above mentioned parameters and finally, for validation, the experimental results were compared with the ones of simulation.
System optimization
The scintillator crystal is the main component of a gamma probe having a significant impact on the sensitivity and the spatial resolution of the system. For the purpose of optimization, we focused on the optimization of the crystal features based on the two mentioned parameters. MC method was used to simulate different lengths and various types of scintillator crystal. For this, we simulated different lengths of CsI crystal, from 2mm to 15mm, and calculated sensitivity and spatial resolution. For sensitivity simulation, 1mm step was used for the crystal length simulations while for spatial resolution, 2.5 mm step was applied. In addition, we chose five different types of crystal material that are widely used in commercial probes including CsI, sodium iodide thallium-activated [NaI (Tl)], bismuth germinate (BGO), lutetium yttrium orthosilicate (LYSO), scintillator, and cadmium telluride (CdTe) semiconductor. The crystal size was considered the same 7.2 mm in diameter, 10 mm long for all crystal materials in the simulations. Sensitivity and spatial resolution of the system were calculated at 30 mm distance from the surface of the probe, using the same method as described in Validation of the MC model. The collimation in most of the gamma probes is based on single pinhole method [25, 26] . The ratio of the diameter to the length of the collimator has a significant impact on sensitivity resolution trade-off. The diameter of the collimator is better to be designed in a way so the entire the crystal face be irradiated to reach better sensitivity utilizing the maximum sensitive area of the detector. The length of the collimator can be altered to target desired set of performance parameters. The version of interest of SURGEOGUIDE II in this work, has a collimator length equal to 2.5 mm. In this study, we measured the sensitivity and spatial resolution of the system at a distance of 30 mm from the surface of the probe for different collimator lengths, ranging from 2 mm to 5 mm with 0.5 mm steps.
RESULTS
Validation of the MC model
The results of the system sensitivity in the air at different distances are summarized in Table 1 . The practical and MC simulation results for spatial resolution are shown in Figure 3 . After Gaussian fitting, spatial resolution at 30 mm distance with experimental measurements and MC simulations was measured as 43mm and 44mm in terms of FWHM, respectively. According to the NEMA standard methods, angular resolution was reported as degrees FWHM at 30 mm source-to-probe depth using experimental and MC modeling. Angular resolution value was obtained as 70 for practical and 72 for the MC simulation tests. Also, shielding effectiveness was measured about 98% in practice and 99% based on the MC simulation. Figure 4 shows the sensitivity and spatial resolution at 30 mm distance from the probe head for different lengths of CsI scintillator crystal. Table 2 shows how the crystal type affects the sensitivity and spatial resolution of the system. BGO and NaI have the highest and the lowest sensitivity, respectively. The sensitivity and spatial resolution are in compromise relation as expected. Table 3 shows the sensitivity and spatial resolution in the air for different lengths of the collimator at distance of 30 mm.
Optimization
DISCUSSION
The high sensitivity, good spatial resolution, and appropriate shielding of a gamma probe are important parameters to be considered in the design of an intraoperative gamma probe. Sensitivity is a significant parameter for evaluating the performance of the gamma probe system, especially to identify nodes with low-activity absorption, as well as deeply located nodes. Gamma probe spatial resolution is another important factor to identify lymph nodes close to each other and the nodes next to the injection site. A gamma probe system with the optimal sensitivity and spatial resolution is an ideal system for radioguided surgical applications. But, given interrelation of these parameters, it is difficult to design a system at optimal conditions. Sensitivity and spatial resolution depend on parameters such as system geometry (thickness, length, and diameter of the collimator and the crystal) and the type of scintillator crystal. In this work, we modeled the SURGEOGUIDE II gamma probe using MCNP 4C code. For validation of the MC model, some performance parameters such as sensitivity, spatial resolution, angular resolution, and shielding were measured with experimental tests and the MC simulations according to the NEMA standard. The gamma probe showed the sensitivity about 2 cps/MBq, a spatial resolution of 43 mm FWHM, and 99% shielding effectiveness. Comparison of the experimental and the simulation results shows small difference: the mean error in assessing the sensitivity parameter is 4% at 30mm distance while the spatial resolution error at 30 mm is less than 1%. The error in shielding calculations is negligible. In all measurements, we obtained a favorable correlation between the simulation and the experimental results revealing valid simulation model when applied for optimizing the SURGEOGUIDE II system. Recently, some studies [20] were performed on a prototype of the gamma probe, SURGEOGUIDE, where a CsI(Tl) cylindrical scintillator crystal 8 mm in diameter and 10 mm in length with a pinhole tungsten collimator 3 mm long and 7.5 mm in diameter was used. Other features of the gamma probe are similar to the version used in the current work. Kaviani et al. [20] showed that the sensitivity in air for their system at 30 mm distance from the source is 1770 cps/MBq. Given that the pinhole diameter of the collimator in the current version 7.8 mm is larger and that its length 2.5 mm is smaller, increased sensitivity 2040 cps/MBq is expected. 
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In this study, to evaluate the effect of the length of the crystal, we showed that increasing the crystal length more than 5 mm has no significant impact on the sensitivity of the system. Also, it was demonstrated that the variation of the spatial resolution for the crystal lengths greater than 10 mm is not of importance. But, at crystal lengths less than 10 mm, the spatial resolution greatly increases with increasing the crystal length. Since by increasing the crystal length more than 10 mm, no significant enhancement is seen in sensitivity and spatial resolution, one can conclude that the length of 10 mm is the optimum for CsI scintillator crystal in the current gamma probe. Currently, most of the gamma probes commercially available have a CsI or NaI(Tl) scintillation crystal or a CdTe semiconductor detector [27] while some manufactures provide systems with BGO scintillator crystal. We evaluated the performance of the probe with 5 types of crystal/detector including CsI, NaI, BGO, and LYSO scintillators in addition to CdTe semiconductor. The results showed higher BGO and LYSO sensitivities, however, demonstrating worsen spatial resolution. So, CsI crystal and CdTe can be considered as the most appropriate choices for the current set-up of the gamma probe system. Extending the collimator hole length reduces the sensitivity of the system while simultaneously improves the spatial resolution. The appropriate length of the collimator, hence, can be selected based on the special application design.
CONCLUSION
In this work, we modeled a gamma probe system, SURGEOGUIDE II, using MC simulation. This model was then validated using both practical and simulation protocols. The validated model was finally applied for optimization of the crystal length, crystal material, and collimator hole length of the probe by evaluation of the spatial resolution and the sensitivity of the system. The results showed that for the current gamma probe, a 10-mm crystal length for CsI can be an optimum choice. Also, BGO and LYSO crystals have the highest sensitivity, but as sensitivity increases, the resolution degrades, which is not optimal leading to compromised spatial resolution. The CdTe semiconductor crystal is almost similar to those of the CsI crystal, with close sensitivity and spatial resolution figures, making no difference in final results. Therefore, it can be concluded that CsI and CdTe crystals are suitable choices for application in a gamma probe system. In addition, considering the effect of the collimator hole length, this parameter can be selected according to desired application of the probe. Moreover, regarding the close agreement of the simulation results with the practical device application, the developed MC model can be applied for evaluation and optimization of the current gamma probe systems.
